It has been demonstrated that the relative distribution of heterocyst glycolipids (HGs) in 12 cultures of N 2 -fixing heterocystous cyanobacteria is largely controlled by growth temperature, 13 suggesting a potential use of these components in paleoenvironmental studies. Here, we 14 investigated the effect of environmental parameters (e.g. surface water temperatures, oxygen 15 concentrations and pH) on the distribution of HGs in a natural system using water column 16 filtrates collected from Lake Schreventeich (Kiel, Germany) from late July to the end of 17 
keto-25,27-octacosanediol (HG 28 keto-diol). Fractional abundances of alcoholic and ketonic 23
HGs generally showed strong linear correlations with surface water temperatures and no or 24 only weak linear correlations with both oxygen concentrations and pH. Changes in the 25 distribution of the most abundant diol and keto-ol (e.g., HG 26 diol and HG 26 keto-ol) were 26 quantitatively expressed as the HDI 26 (heterocyst diol index of 26 carbon atoms) with values 27 of this index ranging from 0.89 in mid-August to 0.66 in mid-October. An average HDI 26 28 value of 0.79, which translates into a calculated surface water temperature of 15.8±0.3°C, was 29 obtained from surface sediments collected from Lake Schreventeich. This temperature -and 30
Introduction 9
Lipid paleothermometers have become an indispensable tool in paleoenvironmental studies as 10 they allow the reconstruction of oceanic surface water temperatures over geological time 11 scales and thus provide essential information on past climate changes. The two most 12 commonly employed lipid paleothermometers are the U K 37 (Brassell et al., 1986 ) and the 13 TEX 86 (Schouten et al., 2002) , which use the distribution of long chain alkenones or glycerol 14 dialkyl glycerol tetraether (GDGT) preserved in marine sediments to reconstruct oceanic 15 surface water temperatures. The more recently introduced long chain diol index (LDI), which 16 is based on the distribution of C 28 1,13-, C 30 1,13-, and C 30 1,15-diols produced by 17 eustigmatophyte algae (Rampen et al., 2012) , provides an additional mean to determine past 18 changes in sea surface temperatures (SST) and has successfully been applied in a number of 19 paleoceanographic studies (Smith et al., 2013; Rodrigo-Gámiz et al., 2014) . 20
The TEX 86 proxy has previously been applied to a number of freshwater environments but 21 seems to reliably predict surface water temperatures only in some large lakes, such as the 22 North American Great Lakes and the African Rift Valley lakes, where the contribution of 23 isoprenoid GDGTs of a terrestrial origin is only negligible (Powers et al., 2010) . Likewise, 24 long chain alkenones have been reported from some modern lake systems (Volkman et al., 25 1988; Thiel et al., 1997; Theroux et al., 2012) and were employed to reconstruct past changes 26 in surface water temperatures in Lake Steisslingen, SW Germany (Zink et al., 2001) . 27 However, due to our incomplete knowledge on the biological sources of long chain alkenones 28
and their comparatively limited distribution in freshwater environments, temperature 29 estimates based on long chain alkenones in lacustrine sediments are comparatively few. 30
Another lipid paleothermometer that has attracted considerable attention over the recent past 31 is the MBT (methylation index of branched tetraethers)/CBT (cyclisation ratio of branched 32 tetraethers) index. This proxy, based on the distribution of branched GDGTs that are 1 ubiquitously distributed in soils, peats as well as lacustrine and coastal marine sediments (see 2 Schouten et al., 2013 and references therein), has been shown to correlate well with mean 3 annual air temperature (MAAT) and soil pH (Weijers et al., 2007) . Consequently, the 4 MBT/CBT lipid paleothermometer has since been applied to a number of lakes and coastal 5 marine environments, containing a large proportion of terrestrial organic matter, to infer past 6 changes in continental climate (Zink et al., 2010; Niemann et al., 2012; Berke et al., 2014) . 7
Hence while a number of lipid paleothermometers allow the reconstruction of SST and 8 continental MAAT, no such proxy is currently available to decipher past changes in surface 9
water temperatures in lacustrine environments (Castañeda and Schouten, 2011) . 10
Heterocystous cyanobacteria are oxygenic photoautotrophs that are known to be an abundant 11 component of the phytoplankton community of many present-day freshwater lakes of polar to 12 tropical latitudes (Whitton, 2012) . They are also known to form massive blooms in river 13 deltas and semi-enclosed basins such as the Baltic Sea (Stal et al., 1999; Larsson et al., 2001 ). 14 Their dominant role in the primary production of freshwater and brackish environments is 15 related to their unique ability to simultaneously perform oxygenic photosynthesis and 16 nitrogen fixation, enabling them to outcompete eukaryotic algae under nitrogen limiting 17 conditions (Levine and Schindler, 1999). For this, heterocystous cyanobacteria confine the 18 fixation of N 2 to heterocysts, which host the oxygen-sensitive enzyme nitrogenase that 19 catalyzes the reduction of dinitrogen gas to ammonia. These specialized cells are enveloped in 20 a set of unique glycolipids, so-called heterocyst glycolipids (HGs), which are exclusively 21 present in N 2 -fixing heterocystous cyanobacteria (Nichols and Wood, 1968; Gambacorta et 22 al., 1999; Bauersachs et al., 2009a) and are considered to act as a gas diffusion barrier that 23 limits the entry of oxygen into the heterocyst (Wolk, 1982) . These components are composed 24 of sugar head groups that are glycosidically bound to long chain diols, triols, keto-ols or keto-25 diols with an even carbon chain ranging from C 26 to C 32 carbon atoms (Fig. 1) . The 26 distribution of HG diols and keto-ols has previously been shown to strongly correlate with 27 growth temperature in cultures of the heterocystous cyanobacteria Anabaena CCY9613 and 28
Nostoc CCY9926 (Bauersachs et al., 2009a; 2014) . These authors demonstrated that in both 29 types of cyanobacteria the relative proportion of HG diols significantly increased compared to 30 their corresponding HG keto-ols with increasing growth temperature and introduced the HG 26 31
(heterocyst glycolipid index of 26 carbon atoms) and HG 28 (heterocyst glycolipid index of 28 32 carbon atoms) as means to quantify structural changes in the HG composition of the 33 eluent B was isopropanol-water-formic acid-14. Quantification was done by integration of the peak area using the QuanLynx application 26 manager. 27 
Variation of environmental parameters and algal biomass in Lake 2

Schreventeich 3
Physical and biological data of Lake Schreventeich collected from late July to the end of 4
October 2013 are summarized in Figure 2 . All investigated physical parameters (i.e., 5 temperature, oxygen concentration and pH) show maxima in late July or at the beginning of 6
August and gradually decline to yield minima in late October. Surface water temperatures 7 ranged from 10.5 to 24.0°C and were highest in late July (Fig. 2a) . Oxygen concentrations in 8 the surface waters ranged from 2.5 to 7.6 mg L -1 with highest values occurring in late July and 9 they subsequently declined over the investigated time interval to yield minimum values in late 10 October (Fig. 2b) . pH values ranged from 7.18 to 7.79 and were comparatively high during 11 the first half of the sampling campaign with values averaging 7.56 in August (Fig 2c) 
Distribution and fractional abundances of heterocyst glycolipids in water 21
column filtrates of Lake Schreventeich 22 Heterocyst glycolipids were below detection limit in late July and early August. They were 23 first identified in mid-August in low relative abundances, gradually increased in late August 24 to reach peak abundances in early to mid-September (Fig. 3) . In late September, the relative 25 abundance of HGs declined to reach comparatively low but constant values from mid-to late 26
October. As shown in keto-ol) were below detection limit in water column filtrates taken before early September 6 ( Fig. 3) and they usually constituted a minor component of the total HG pool with fractional 7 abundances of both compounds ranging from 0 to 13% (average 4.9 ± 3.8%). 8
It is interesting to note that the fractional abundance of all HG diols and triols declined over 9 the investigated time interval, while the fractional abundance of their corresponding keto-ol 10 and keto-diol varieties showed a concomitant increase (Fig. 3 ). For example, the fractional 11 abundance of the HG 26 diol was highest (>70%) in late August to early September and 12 thereafter declined gradually to yield values around 50% at the end of October. Over the same 13 time period, the fractional abundance of the HG 26 keto-ol significantly increased from 9% at 14 the end of August to 25% in late October. Overall similar trends were also observed for the 15 HG 28 triol and HG 28 keto-diol as well as for the HG 28 diol and HG 28 keto-ol. It should be 16 pointed out though that for the HG 28 diol and the HG 28 keto-ol this trend was less apparent, 17 which may be due to the low analytical response and the resulting uncertainties in 18 determining the contribution of both components to the total HG pool. 19
Distribution and fractional abundances of heterocyst glycolipids in 20
surface sediments of Lake Schreventeich 21
The distribution of HGs in surface sediments of Lake Schreventeich largely resembled those 22 observed in the water column filtrates with the HG 26 diol and HG 26 keto-ol being most 23 abundant (Fig. 3 ). Both components constituted ca. 81% of the total HG pool with HG 26 diol 24 and HG 26 keto-ol accounting for 64% and 17% of all HGs, respectively. HG 28 triol and HG 28 25 keto-diol were the second most abundant types of HGs in Lake Schreventeich sediments 26 contributing 7% and 4% of all HGs. Similar to the distribution of HGs in the water column 27 filtrates, HG 28 diol and HG 28 keto-ol constituted only a minor component of the HG pool with 28 5% and 3%, respectively. Fractional abundances of HGs found in the core top sediments of 29 Lake Schreventeich are thus well in line with those observed in water column filtrates; in 30 particular with those obtained in mid-September. constituted a significant component of the lake's phytoplankton. 15 We observed systematic changes in the distribution of heterocyst glycolipids in water column 16 filtrates of Lake Schreventeich over the time interval investigated. The most apparent was a 17 systematic decline in the fractional abundances of HG diols and the HG triol from mid-18 August to late October, which was significantly positively correlated with surface water 19 temperature (Table 1) . On the contrary, fractional abundances of HG keto-ols and keto-diols 20 gradually increased from late August to the end of the sampling campaign. This increase in 21 fractional abundances was significantly negatively correlated with changes in surface water 22 temperatures (Table 1) . Similar changes in the fractional abundances of HG 26 and HG 28 diols 23 and keto-ols with growth temperature have previously been described from cultures of the N 2 -24 fixing heterocystous cyanobacteria Anabaena CCY9613 and Nostoc CCY9926 (Bauersachs et 25 al., 2009a; 2014) and been explained as a physiological adaptation to compensate for greater 26 gas diffusion rates of O 2 at higher temperatures in order to keep the entry of atmospheric 27 gases into the heterocyst at a minimum, which is considered a prerequisite for optimum N 2 28 fixation. To quantitatively express these structural changes of the heterocyst cell envelope, 29 
Similar to the HDI 26 , the HDI 28 and the HTI 28 closely followed measured surface water 3 temperatures with absolute values of these indices gradually declining over the investigated 4 time period from 0.82 to 0.42 and from 0.81 to 0.49, respectively (Fig. 4) . Least squares 5 analysis of the data demonstrates that both indices are significantly correlated with surface 6 water temperatures, although correlations are generally less strong as compared to the HDI 26 . 7
All three HG indices, however, seem to track temperature changes in the lake's surface waters 8 in a similar fashion, albeit with slight differences in absolute values and trends between the 9 individual indices (see Fig. S2 When the different HG indices are plotted against environmental parameters other than 28 surface water temperatures (Fig. 4) , it is apparent that the HDI 26 (p < 0.001; r 2 = 0.64) and the 29 HTI 28 (p < 0.05; r 2 = 0.42) are positively correlated with decreasing oxygen concentrations 30 and that the HDI 26 (p < 0.05; r 2 = 0.35) and the HDI 28 (p < 0.05; r 2 = 0.35) also show a weak 31 positive correlation with pH. However, these correlations are generally less significant and 32 not as strong as observed for the correlation with surface water temperatures. It should also be 1 noted that oxygen concentrations and pH are strongly correlated with surface water 2 temperatures and that both parameters show a positive correlation with each other (Table 1) culture-dependent approaches and studying the effect of environmental parameters other than 13 growth temperature will be needed to elucidate whether and to which extent oxygen 14 concentrations and pH exert a control on the structural composition of the heterocyst cell 15 envelope of heterocystous cyanobacteria. 16
Accuracy of surface water reconstructions based on HG indices 17
The accuracy with which surface water temperatures of a given aquatic environment can be 18 it should be pointed out that the recovered surface sediments most likely not only contained 31
HGs produced during the investigated time interval but HG distributions probably reflect a 32 time-integrated signal that covers several years. In addition, surface water temperatures of 1 Lake Schreventeich are expected to vary over the time-course of a day and the obtained 2 temperatures (though always recorded at the same time of the day) provide only a snap shot of 3 the actual temperature variance of the lake. Parts of the uncertainties in the correlation of HG 4 indices and surface water temperatures may in fact be related to the low number of diurnal 5 temperature measurements but may be improved by continuous temperature logging of the 6 lake's surface waters in future studies. As discussed above, contributions of HGs from 7 heterocystous cyanobacteria with slightly different HG distribution patterns and absolute 8 abundances of HGs may also result in the observed offsets between the HG-based SWT 9 calculations. Nonetheless, the overall good agreement of HG distributions in surface 10 sediments and water column filtrates seems to indicate that HGs in Lake Schreventeich are 11 largely produced in late summer, coinciding with blooms of heterocystous cyanobacteria, and 12 that HG-reconstructed surface water temperatures primarily reflect a summer signal in this 13 temperate lake. 14
Geochemical implications 15
As mentioned previously, N 2 -fixing heterocystous cyanobacteria are a common component of 16 the phytoplankton community in contemporary freshwater and brackish environments of polar 17 to tropical latitudes, where they may form massive blooms during summer (Whitton, 2012) . It should also be pointed out that core top calibrations (such as those obtained from Lake 31 Schreventeich) may not be applicable to accurately determine surface water temperatures in 32 lake environments, in which the cyanobacterial community gradually changed over time. 33 1
Conclusion 2
The presence of heterocyst glycolipids in core top sediments of Lake Schreventeich, the 3 overall good agreement of HG-based temperature estimates with measured surface water 4 temperatures and the ubiquitous distribution of heterocystous cyanobacteria in modern 5 freshwater and brackish environments, suggests that the HDI 26 and other HG-based indices 6 may hold great promise as proxies for the reconstruction of surface water temperatures in 7 modern and possibly also fossil lacustrine environments, something that is currently not 8 achieved by any other organic geochemical proxy. As heterocyst glycolipids constitute highly 9 specific biological markers for diazotrophic heterocystous cyanobacteria, they also allow a 10 direct study of the overall impact of surface water temperature changes on the cyanobacterial 11 community structure of a given lake system. However, additional analyses of HG 12 distributions in freshwater environments in combination with environmental parameters (such 13 as water temperatures, oxygen concentrations, pH, light intensities etc.) and molecular studies 14 are clearly needed to evaluate the potential use of HG-based proxies in the determination of 15 lacustrine surface water temperatures on a larger scale. 
